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CHAPTER I 
LITERATURE REVIEW 
Advanced Life Support System Concept 
Manned space flight to date has relied on physico-chemical 
processes and resupply to maintain environmental conditions necessary to 
sustain human life. Food, water, and gas have been brought and resupplied 
as needed. Waste management has involved the storage of human wastes 
for return to earth. Urine has been purified via filtration and chemical 
removal of impurities to yield potable water. Air quality has been maintained 
through filtration and chemical removal of C02 and trace contaminants. 
Inevitable losses of component gases to the vacuum of space have been 
replenished by resupply. These approaches have all necessitated external 
inputs of raw ingredients (e.g., food, water, air) and complex disposable 
products (e.g., charcoal filters, KOH cartridges), and have therefore 
represented open loop systems. 
In an open loop system, components enter and exit the system in 
order to maintain environmental conditions appropriate to sustain human life. 
Such systems are costly to run (each Shuttle launch costs nearly $200 
million [Salisbury & Bugbee, 1988]) and necessitate a close proximity to 
Earth. Increasing distances from Earth translate into ever greater costs; 
resupply eventually becomes impractical. Additionally, as mission lengths 
increase, the costs of resupply grow correspondingly. These considerations 
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have inspired interest in alternative approaches. Specifically, attention has 
turned towards emulating regenerable biological processes present here on 
Earth. 
Energy in the form of photons of sunlight reaches autotrophs and 
drives the reactions converting inorganic carbon (from carbon dioxide) into 
organic carbon molecules (e.g., sugars). In these processes, water serves 
as an electron donor, and oxygen as an electron acceptor. A net balance of 
oxygen and plant biomass results. These processes can be simplified in the 
form of the following equation: 
C02 + 2H20 + sunlight <-> (CH20)n + 02 + H20 
Heterotrophs in turn consume organic molecules (e.g., sugars from plant 
biomass) and produce C02 as waste. The organic molecules serve as both 
electron source and energy supply, stored in the form of chemical bonds. 
The electron sink is oxygen. The complex reactions for these heterotrophic 
processes can be similarly simplified: 
(CH20) n + 02 + H20 <-> C02 + 2H20 + energy 
These two net equations are effectively the same but in reverse direction; 
hence, given an energy input (sunlight), phototrophs and heterotrophs can 
balance each other, as they to do on Earth today. 
Human space inhabitants are heterotrophs; their environmental needs 
are balanced only through external contact with the vastly larger ecosystem 
of the Earth. These needs are balanced by phototrophs present here. 
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Alternatively, current research is endeavoring to emulate these regenerate 
processes on Earth within the environment of the space habitat. Such 
attempts in the past have been termed Controlled Ecological Life Support 
Systems (CELSS) and much of the literature referenced refers to CELSS 
research. More recently, however, such attempts have been placed under 
the general term Advanced Life Support Systems (ALSS), which 
encompasses both physico-chemical and bioregenerative processes. This 
terminology recognizes that any life support attempts will include physico¬ 
chemical factors as well. For the purposes of this review, the term ALSS will 
be used preferentially, although the term CELSS will be used 
interchangeably in keeping with the literature. Such literature reflects the 
youth and rapid evolution of this field of research. 
As envisioned today, human occupants of an ALSS will consume 
food, 02, and water, and excrete as waste feces and urine (which combine 
as wastewater) and C02 and water vapor. Additional wastewater will be 
generated by washing and hygiene activities. Following pretreatment, these 
wastes will serve as nutrients for plant growth. Given an external supply of 
energy, plants will be grown hydroponically or aeroponically on treated 
wastewater and will remove salts and minerals present. Using these 
nutrients and atmospheric C02, they will produce plant biomass (e.g., 
sugars). As on Earth, they will evolve breathable 02, as well as water via 
evapotranspiration. Such 02 will be available for human breathing 
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requirements, and the water vapor will be readily condensed into potable 
water. Plant biomass will serve as food, thereby closing the loop between 
human and plant components. In theory, regeneration of matter at rates 
approaching one hundred percent should be possible, thereby producing a 
system with nearly complete loop closure to matter. At present, however, 
many factors remain to be resolved before such a loop closure will exist on 
an extraterrestrial habitat. Some current considerations should be reviewed. 
Food Production and Waste Regeneration 
Because space is limiting in a CELSS, food production must aim to 
achieve a maximum edible yield in both a minimum volume and a minimum 
of time from seedlings to harvest using a minimum input of energy (Averner, 
1989). Similarly, waste present in the system (both human and that present 
in inedible biomass) must be recycled back into utilizable nutrients as rapidly 
as possible. As a result, much research has focused on maximizing food 
productivity (Averner, 1989; Bredt, 1988; Bubenheim, 1991; Langhans & 
Dreesen, 1988; Salisbury & Bugbee, 1988) and maximizing the efficiency of 
resource recovery (Bubenheim, 1991; Dinges, 1976; Gupta, 1982). 
However, those crops which seem most promising for food production under 
the criterion for a CELSS are different from those which maximize waste 
treatment. Higher plants usually considered for food production include 
wheat, soybeans, potatoes, peanuts, rice, corn, oats, chick-pea, turnip 
greens, dry beans, kale, pea pods, split peas, cucumbers, tomatoes, turnips, 
4 
and beets (Averner, 1989; Bredt, 1988; Bubenheim, 1991; Galston, 1992; 
Langhans & Dreesen, 1988; Olson et al., 1988; Salisbury & Bugbee, 1988; 
Thompson, 1989; Westgate et. al, 1988). By contrast, those usually 
considered for waste treatment are water hyacinths and water reeds, though 
species of bulrush, torpedo grass, and cattail have been considered as well 
(Gupta, 1982; Wolverton, 1982; Wolverton, 1992) A standard approach for 
any CELSS has been to compartmentalize different functions and to treat 
food production as distinct from waste management (Averner, 1989; Bredt, 
1988; Prince, 1989). Though this approach may have arisen from an 
emphasis on the 'controlled1 aspect of a CELSS, it may prove most 
promising. According to Phillips et al. (1978), conventional high energy 
cereal plants are not suitable for water/air recycling because of their far 
longer retention period and lower efficiency (Gupta, 1982). The estimate 
cited is that "...5 ha of water hyacinth will be enough to recycle the wastes 
produced from 10,000 persons in a closed space colony; in comparison 
cereal crop area requirements for 10,000 persons are 100 ha." (Gupta, 
1982; pg. 203). According to Bubenheim (1991), "...no food crops have 
been utilized in [wastewater treatment] systems and the impact on plant 
productivity has not been defined." Therefore, a disparity exists between the 
two goals for plant systems in an ALSS. As such, two separate plant 
systems may prove most useful to an ALSS: one to produce the bulk of the 
food, and one to perform the majority of the waste treatment. 
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Clearly, overlap will exist between the two systems. Goldman & 
Ryther (1976) discussed a wastewater treatment system based upon algae 
but which incorporates shellfish such as oysters and clams (which could 
provide a food source for the ALSS inhabitants). These shellfish themselves 
excrete waste, which Goldman & Ryther claim can be consumed by small 
scavanging crustaceans such as polychaete worms which can serve as food 
for flounder, lobsters, and shrimp; these latter could serve as food 
supplements to the largely vegetarian diet provided by the food production 
system. Carpenter (1976) discussed a similar waste treatment system in 
which organic wastes are aerobically and anaerobically decomposed by 
bacteria to provide nutrients for algae growth, which then serves as the base 
for a food chain including invertebrate filter feeders and ending in fish 
suitable for human consumption. Dinges (1976) described a wastewater 
system incorporating water hyacinths (Eichhornia crassipes), duckweed 
(Lemna spp.), scuds, snails, midge larvae, zooplankton, glass shrimp 
(.Palaemonetes spp.), asiatic clam (Corbicula manillensis), giant fresh water 
shrimp (Macrobrachium rosenbergi), water primrose (Ludwigia repens), 
golden shiner minnows (Notemigonus crysoleucas), fathead minnows 
(.Pimephales promelas), and goldfish (Carassius auratus). His system 
achieves both impressive reductions in waste content which are determined 
by the biochemical oxygen demand (BOD), chemical oxygen demand (COD), 
and the total suspended solids (TSS). The system also provides 
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supplemental foods to the human diet. Govindan (1989) discussed a system 
in which numerous algae species (Chlorella, Scenedesmus, 
Ankistrodesmus, Pediastrum, Closteriopsis, Crucigenia, Navicula, Nitzschia, 
Pandorina, Scenedesmus, Arthrospira, Merismopedia, Microcystis, 
Oscillatoria, and Phormidium) grow in conjunction with several varieties of 
fish (Cyprinus carpio, Cirrhina mrigala, Labeo rohita, and L. fimbritus). 
Govindan’s system filters wastewater and provides large quantities of 
harvestable algae, which he suggests could be used as animal feed 
supplement. As discussed by Holtzapple et al. (1989a, 1989b), algae can 
also be used as food for humans. There are, however, some limitations 
which will be addressed later. Wallace et al. (1976) discuss a treatment 
system in which wastewater serves as a hydroponic growth medium for 
chrysanthemum, tomato, egg plant, bell pepper, and lettuce plants. 
Reductions in water contamination, particularly in the form of heavy metals, 
are achieved by their procedure. These trace metals are usually not found 
in the fruits and grains of plants but remain in the vegetative tissue (Berry et 
al. 1980; Kirkham, 1986). 
Gupta (1982) advocated using water hyacinth for wastewater 
treatment. Wolverton (1982) also supported the use of higher plants, 
claiming that they provide increased surface area for microbial growth, which 
results in more efficient wastewater processing. He collected up to 40% of 
wastewater as pure water via evapotranspiration from water hyacinths 
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(Wolverton & McDonald, 1979; ref. by Gupta, 1982). This represents 
adequate drinking water for the human occupants of the ALSS. Additional 
wastewater remaining could be purified chemically with alum and 
polyelectrolytes (Belsare, 1987) if needed after biological purification; 
otherwise, such water could be circulated back to plants for growth and 
further purification. 
An ALSS might contain an integrated wastewater treatment system 
much like the one proposed by Dinges (1976) with the water hyacinth as the 
primary treatment plant and other organisms providing additional filtration 
and serving as supplemental food sources. The question which then arises 
is what can be done with the water hyacinth biomass? Gupta (1982) 
suggests using the biomass as livestock feed, as a food source for humans, 
as a source for methane generation, and as fertilizer and compost. Using 
the hyacinths to feed other animals is an obvious answer, but one which has 
many problems. Livestock would require additional room, care, and special 
considerations under already very limited conditions and adverse 
environments. Based upon the inefficiencies present in converting from one 
trophic level to the next, bringing livestock seems a wasteful venture. At 
present, it seems humans should remain the primary consumers. Using the 
hyacinth as a food source for humans is very appealing in terms of 
efficiency, provided it is even edible, palatable, and digestible by humans, 
which Gupta does not demonstrate. There are, however, other possibilities. 
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Methane can be produced by the breakdown of organic matter by 
microorganisms. In one procedure, methanogens produce methane from 
carbon dioxide and hydrogen (Solomons, 1988). Belsare (1987) discussed 
growing algae in aerobic ponds of sewage and then converting the 
microalgal-bacterial biomass to methane via methanization. Govindan 
(1989) similarly discussed growing algae in anaerobic digesters to generate 
methane. Presumably any source of biomass would serve as nutrients for 
microorganism growth to yield methane; mechanically grinding the water 
hyacinths in water would yield a nutrient rich slurry which should be suitable 
to support methane producing organisms. Methane could then be used as 
an energy source. The C02 produced from methane combustion would then 
be available for plant utilization. Alternatively, bacteria can be grown 
directly on methane to produce formaldehyde, which can then be 
synthetically converted to sugars for consumption or further alteration 
(Weiss, 1978). 
Inedible biomass in plants (including those from water filtration, 
namely, water hyacinths, and those from food production, such as wheat) is 
composed of roughly 25-40% hemicellulose, 25-40% cellulose, 4-10% lignin, 
and 4-12% crude protein. Three processes must occur in the conversion of 
this inedible biomass to food; 1) hydrolysis of inedible hemicellulose and 
cellulose into edible hexoses and fermentable pentoses; 2) separation of 
sugars from the hydrolysate; and 3) direct utilization of fermentation to 
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desired food products (Westgate et al., 1992). Hydrolysis and fermentation 
processes can be enacted by microbes and yeasts to accomplish much of 
the above; some remaining materials, primarily lignin and some cellulose, 
could then be oxidized by combustion to free the carbon for plant utilization 
(Westgate et al., 1992). Westgate et al. (1992) compare physico-chemical 
treatment of inedible biomass to hydrolysis/fermentation of the biomass. 
While their comparison demonstrates comparable yields for the two 
procedures, the hydrolysis/fermentation approach requires reduced area 
and power requirements and produces less material for combustion. 
One possible additional approach to treatment is that discussed by 
Hogan & Finstein (1991). They advocate composting as a means of waste 
treatment. Composting would take waste materials, including "...human 
biological waste, inedible plant parts, unused food, concentrated residues 
from water reclamation, paper products, and some medical wastes..." and 
transform them into "...carbon dioxide, water, mineralized forms of nitrogen, 
and a stabilized, sanitized organic residue known as compost usable in the 
growing of food crops..." (Hogan & Finstein, 1991). Such an approach 
would require growing plants in a soil-based medium. While the composting 
process does produce gases that cannot be released directly into the 
surroundings, these gases can be passed through finished compost for 
purification before being introduced into the general air purification system. 
Indeed, compost has been used successfully to remove mixtures of volatile 
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compounds from industrial exhaust gases (Ottengraf, 1986). These 
compounds apparently adsorb onto the compost matrix, where they are 
degraded by microbes. Composting would therefore degrade complex 
biological units back down to component parts and free them for 
reintroduction into the system. Composting could perhaps replace a 
wastewater treatment system, or could serve to treat inedible biomass 
produced by a wastewater system. This approach would treat soil as a 
bioreactor. 
Algal production reactors could serve as an additional supplement to 
higher plants for food and oxygen production and wastewater treatment for 
an ALSS. According to Holtzapple et al. (1989), they have the advantages 
of extreme compactness, high efficiency, and well-defined growth 
parameters, which allow them to be grown in compact bioreactors. Between 
96-98% of the mass of algae cells is composed of carbon, hydrogen, 
oxygen, and nitrogen; they also contain small quantities of sulfur, 
phosphorus, potassium, iron, manganese, and between 10-15 other 
elements (Holtzapple et al., 1989). While anywhere from several percent up 
to nearly 70% of higher plant biomass consists of inedible plant matter 
(Peterson, 1988; Westgate et al., 1992), Chlorella algae is composed of 
21% carbohydrate, 61% protein, 7% fat, and 11% fiber (Holtzapple et al., 
1989). Such an algal composition yields a very high percentage of edible 
food and provides fiber for the diet. A suggested human diet should contain 
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approximately 20% protein, 50% carbohydrates, and 10% lipids (Peterson, 
1988). The algal composition is indeed much higher in protein than this 
suggested amount, which could make it an excellent supplement to a largely 
vegan diet, given appropriate food processing for palatability. 
While algae in their raw form have been included in the human diet in 
parts of the world for centuries and are currently sold in Western countries 
as dietary supplements, it is "...generally believed that raw algae are not 
suitable for providing 100% of the human diet." (Holtzapple et al., 1989). In 
one study, researchers concluded that humans could consume up to 100 
grams of raw algae per day, which was equal to just over 50% of their 
protein intake and between 20-25% of their total energy intake (McDowell & 
Leveille, 1963). However, current research is exploring the possibilities for 
processing algae to yield a nutritionally adequate human diet. If successful, 
it might be possible to have algal products compose between 90-100% of 
the human diet (Holtzapple et al., 1989). According to these authors, 
humans undergoing moderate to strenuous activity require roughly 600 liters 
of oxygen per day; if algae is to provide all the food, it must therefore supply 
this quantity of oxygen as well. Making assumptions based upon the 
available research, these authors arrive at a total algae production volume 
of 68 liters per person, or 270 liters for a 4-person crew. Alternatively, these 
crew members must consume 3.55 kg algae per day (if it supplies all their 
energy requirements), which yields a more conservative estimate of a 400 
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liter algal reactor. Improvements in palatability would of course need to be 
made. 
Plants are clearly the most compatible with our current notions of food 
production, and as such, will play a central role in an ALSS. However, due 
to some inherent limitations, alternative systems may indeed be useful. A 
system consisting of algae growth reactors may serve the dual role of 
providing food and performing waste treatment; algae may do these tasks 
more efficiently than higher plants. Although current studies indicate the 
allowable portion of algae in the human food supply should not exceed 20% 
(Eckart, 1994), their compactness and high production efficiency may make 
algae a very promising part of any ALSS. 
Despite possible alternative or supplemental considerations, most 
designs for a CELSS maintain plants as the primary component responsible 
for food production, atmosphere regeneration, and water recovery (Corey & 
Wheeler, 1992; Wheeler et al., 1993). Studies to date indicate that food 
production to meet human requirements will be the limiting factor of these 
three (Wheeler et al., 1991). Attempts have therefore been made to 
increase food yield. Primary attention has focused on manipulating 
environmental factors such as light quality, intensity, and periodicity, nutrient 
solution delivery and quality, C02 levels in the atmosphere, air temperature, 
relative humidity, and plant density (Averner, 1989; Bubenheim, 1991; 
Salisbury & Bugbee, 1988). 
13 
Plant Responses 
Liflfrt 
Light is one major environmental factor influencing crop yield in an 
ALSS. A number of studies have been conducted to determine the effects of 
increasing photosynthetic photon flux (PPF) on crop yields for purposes of a 
CELSS (Bubenheim, 1991; Bugbee & Salisbury, 1988; Salisbury & Bugbee, 
1988). These studies indicate that as light intensity increases, crop yield 
likewise increases. This finding reveals a tradeoff: an increase in energy 
requirements coupled with a decrease in the area required to support a 
single human being (Salisbury, 1992; Bubenheim, 1991). This is important, 
for space will be at a premium in any colonization attempts. Additionally, as 
PPF is raised, the PPF use efficiency by the plants declines; for example, a 
PPF of 400 umol/m2s yields a PPF use efficiency of 1.32 g m2 day ’ mol1, 
which declines to 0.63 gm2day ’mol1 at 1700 pmol-m 2 s 1 for wheat 
(Salisbury & Bugbee, 1988). These results demonstrate the importance of 
large sources of energy to power any ALSS. Salisbury (1992) concludes 
that "...it may well be that a Lunar or Martian CELSS will be practical only if 
atomic (fission, perhaps fusion) power is available." 
Olson et al. (1988) estimated that power demands for lighting using 
current lamp technology will consume 76 kW of the nearly 100 kW needed 
to support a four-member crew. Additional power requirements include 
those needed for thermal control, nutrient supply, atmosphere regeneration, 
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waste management, facility overhead, food processing, and robotics. This 
nearly three-fourths of total power supply represents an enormous 
investment in energy. High-pressure sodium (HPS) lamps with 37.6% 
efficiency, mounted in 90% efficient parabolic reflectors, would produce a 
photosynthetic photon flux (PPF) of 1000 pmol m'^s'1. Because green 
plants absorb light between 400-700 nm (the range termed 
photosynthetically active radiation, or PAR), this translates to roughly 200 
W-m'2. This equals about half of full sunlight at the earth's surface. 
Irradiating 24 m2, one estimate for the area for plant growth required to 
support just one human, would require 14.4 kW (Salisbury, 1988). NASA's 
Breadboard Project used such a system which incorporated ninety-six 400- 
W HPS bulbs for a total of 38.4 kW (Prince, 1989). Aside from energy 
consumption, such artificial light generation is of concern as a heat source. 
Even in efficient models, only a low percentage of the energy consumed is 
converted into light. This adds to the already existing need for air movement 
which results from the lack of convection in microgravity (Salisbury, 1992). 
Indeed, even in gravity, convection is not sufficient to remove heat from 
plants irradiated with the high light levels discussed in maximizing plant 
productivity (Salisbury, 1992). These factors make the idea of an alternative 
lighting source particularly appealing. 
Solar energy as a means of reducing space craft electrical power has 
been proposed for many years (Olson et al., 1988). One concept has been 
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the use of a window with mirrors to distribute the incoming solar radiation. 
According to Olson et al. (1988), however, many problems are associated 
with this approach, including mirror positioning, leakage, thermal control, 
and selective entry of visible light that would bar other harmful radiation. 
One possible alternative would be to transfer sunlight to the plants via a 
fiberoptic system (Langhans & Dreesen, 1988; Olson et al., 1988; Salisbury 
& Bugbee, 1988). In a design discussed by Mori et al. (1984), multiple 
fresnel lenses trained on the sun prismatically break the radiation into its 
frequency components. By positioning the focal point properly with respect 
to the transmitting fiberoptic cable, visible light can be selected, excluding 
the other forms of radiation (ultraviolet, infrared, and ionizing). While this 
design is complex and relatively heavy, it works; useful light is transmitted by 
the fiberoptic cables to plant growth chambers. 
Nutrient Delivery 
Crop yield can be improved by optimizing nutrition for each plant 
species. In an ALSS, such optimization might be difficult and would depend 
on the level of control of the concentrations of nutrients present in the 
growth media, be it wastewater or compost. Additional considerations 
include the selection of cultivation method between substrate and non¬ 
substrate approaches. Using substrate, either Earth-like soils or artificial 
soils, would work well from the perspective of composting. Non-substrate 
approaches, either hydroponics or aeroponics, would follow better from a 
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wastewater treatment approach. Hydroponics may be preferable due to a 
reduced plant biomass devoted to root development; for plants grown under 
good hydroponic conditions, the root system may comprise 3-4% of the total 
dry weight as compared with 30-40% dry weight for plants grown in soil 
(Eckart, 1994). However, hydroponics will probably require more equipment 
than a soil based medium, necessitating additional attention and allowing for 
increased chances of breakdown (Salisbury, 1992). Both nutrient 
deficiencies and toxicities would need to be avoided by careful monitoring of 
nutrient levels in either type of media. 
Carbon Dioxide Concentration 
Altering the atmospheric concentration of C02 influences plant 
productivity. Increasing the C02 concentration above Earth's ambient sea 
level concentration of approximately 340 ppm provides more substrate for 
assimilation and offsets the photorespiration effects of oxygen on C3 plants 
(Lawlor, 1987). In a study of wheat stands representative of most C3 plants, 
Wheeler et al. (1993) demonstrated a small decrease in photosynthetic rate 
as C02 concentration was decreased from 1500 ppm to 1000 ppm, and a 
more rapid decrease in photosynthetic rate as C02 concentration was 
lowered to 500 ppm. As the C02 concentration dropped below 500 ppm, 
photosynthetic rate dropped rapidly, demonstrating the importance of 
maintaining carbon dioxide levels above 500 ppm to yield high 
photosynthetic rates. However, it should be noted that C02 levels above 
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about 2000 ppm on average become toxic to plants (Salisbury, 1992). By 
contrast, humans can tolerate nearly ten times this concentration of C02. 
However, this response is species dependent. No effects on photosynthesis 
were observed on soybean stands, even with C02 concentrations starting as 
high as 2800 ppm (Wheeler et al. 1993). It should additionally be noted that 
this applies to C3 plants. Different partial pressure of C02 and 02 have little 
effect on photosynthesis in C4 plants (Lawlor, 1987). 
Temperature 
Temperature plays an important role in plant responses. For C3 
plants, photosynthesis increases with increasing temperature to an optimum 
between 15 and 25 °C with decreases experienced above 30 to 35 °C 
(Lawlor, 1987). C3 photosynthesis stops around 40 °C. C4 plants show 
similar responses, though their optimum is between 25 and 35 °C, and 
higher temperatures usually do not become damaging until 45 to 50 °C. 
Temperature also influences dark respiration, thereby altering net 
assimilation (difference between net photosynthesis and dark respiration). 
In one study of wheat at 16, 20, and 24 °C, dark period respiration increased 
with increasing temperature over this range, and net photosynthesis was 
greatest at 20 °C, followed by 16 °C, and was lowest at 24 °C (Wheeler et 
al., 1993). Ratios of temperature between day and night can have an 
additional role on net assimilation. Net assimilation of soybean was higher 
under 26 °C light/18 °C dark and 22 °C light/22 °C dark regimes compared 
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with a 26 °C light/26 °C dark regime (Corey and Wheeler, 1992). 
Temperature requirements may also differ at different stages of growth of 
plants (Langhans and Dreesen, 1988). 
Relative Humidity 
Relative humidity may also play a role in plant productivity. Because 
transpiration rates are dependent on the magnitude of the vapor pressure 
gradient between the leaf and the air, increasing relative humidity levels 
translate into decreasing transpiration rates (Hopkins, 1995). The value of 
transpiration is often questioned; it has been argued that the evolutionary 
function of stomata is to provide an adequate supply of C02, and that 
transpiration is merely an unfortunate side effect of equal stomatal efficiency 
for C02 uptake as for water vapor loss (Hopkins, 1995). Indeed, while some 
plants may develop more slowly at high humidity, many grow normally under 
conditions as high as 100% relative humidity, at which transpiration is 
minimal (Hopkins, 1995). High humidities could be advantageous, as plants 
will already transpire much more water than is needed for the human 
occupants of the CELSS (Eckart, 1994; Salisbury, 1992). However, if 
humidity is too high and transpiration rates subsequently very low, leaf 
cooling capacity will be reduced (Eckart, 1994). Because convection does 
not operate in a microgravity environment, cooling will already be lower than 
experienced on Earth (Eckart, 1994; Salisbury, 1992). High light intensities 
will further heat the plant foliage. These factors combined will require high 
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air movement velocities (Salisbury, 1992; Eckart, 1994). Such velocities will 
have the additional effect of increasing transpiration rates. Therefore, it will 
be necessary to determine the appropriate tradeoffs to establish proper 
relative humidity conditions. Such conditions may vary from species to 
species. 
Plant Density 
One final factor influencing crop yield is plant density. Optimal plant 
spacing from seeding to harvest should be determined for each species 
(Eckart, 1994), taking into account that productivity in a CELSS is measured 
as yield per unit area rather than yield per plant (Salisbury & Bugbee, 1988). 
Plants with horizontal leaves are more efficient at absorbing incoming light, 
but their broad leaf surfaces also shade foliage lower in the canopy 
(Hopkins, 1995). By contrast, plants with verticle leaves such as wheat 
(Triticum) and maize (Zea mays) intercept less light, but also shade the 
lower canopy less. They are therefore typically more efficient in higher 
density canopies compared with plants with horizontal leaves. Different 
species of plants have additionally adapted to different optimal levels of light 
intensity. In a natural ecosystem, stratification of leaves adapted to varying 
light intensities allows for increased efficiency of light absorption and hence 
increased canopy productivity (Lawlor, 1987). 
Clearly, plants are complicated biological systems that do not 
respond to the above factors of light, CO2 concentration, air temperature, 
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relative humidity, and plant density individually. Rather, plants respond to 
combinations of these variables very differently, and such responses are 
highly dependent on the plant species in question. For example, Salisbury 
and Bugbee (1988) achieved grain yields from wheat of 60 g-rrf^d'1 at an 
irradiation level of 2000 pmol-m^-s"1 (144 pmolm'^d1), which is more than 
ten times good field yields and more than four times the world record. They 
attributed their success to high C02 levels, high irradiance, high plant 
densities, optimized nutrients, and relatively low temperature (20 °C). 
Atmosphere 
Maximizing plant productivity by optimizing environmental conditions 
is a priority in the development of an ALSS for space exploration. Recent 
studies have involved altering an additional variable of the growing 
environment, namely, the atmosphere. This approach has come from a 
recognition that humans and plants have different requirements and need 
not be placed together. Indeed, compartmentalization of the plant species 
should allow for maintenance of atmospheric variables at levels most 
favorable to the desired plant functions of food, 02, and potable water 
production, and may also simplify construction of the space station or planet 
colony. Two atmospheric factors are involved and need to be studied: the 
role of pressure in the growth and development of plants, and the responses 
of plants to different partial pressures of various essential, diluent (filler), 
and trace gases. 
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Atmospheric Considerations 
Reduced Total Pressures 
Hypobaric pressures appear promising; current rationale indicates 
that reductions in atmospheric pressure should minimize mass requirements, 
lessen gas leakage to space, and allow for reduced structure to enclose 
crop compartments against the vacuum of space (Andre & Massimino, 1992; 
Corey et al., 1996; Daunicht & Brinkjans, 1992; Ohta et al., 1993). Effects 
on plant growth vary, depending upon the range of pressures studied and 
the crop species used (Andre & Massimino, 1992; Corey et al., 1996; 
Daunicht & Brinkjans, 1992; Gale, 1973; Ohta et al., 1993; Rule & Staby, 
1981). While the more recent of these studies agree on an increase in both 
photosynthesis and transpiration at reduced pressures, more study is 
needed to find optimal pressures for growth and development of those plants 
that are of interest for ALSS use, and to determine the reasons for the 
altered growth. 
Partial Pressures and Diluent Gases 
Even less is known of the effects of different gases upon plant growth 
and development. Oxygen and CO2 partial pressures have been studied 
with this regard; as discussed earlier, increased levels of C02 enhance 
photosynthesis in C3 plants. Similarly, because of net losses of carbon 
fixation to photorespiration, decreasing levels of 02 translate into increased 
net photosynthesis in C3 plants (Corey, 1993; Corey, 1994; Corey et al. 
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1996; Corey et al. 1998; Eckart, 1994; Ehleringer, 1979; Lawlor, 1987). The 
key to these responses appears to be the ratio of the partial pressure of 02 
to the partial pressure of C02 (Ehleringer, 1979). Relatively little is known, 
however, of the effects of either trace or diluent gases on crop species. 
Plant responses to various diluent gases may be of particular interest. 
Rather than transporting N2 from Earth, using diluent gases present in the 
lunar, martian, or other planetary crust would reduce mass requirements and 
simplify problems of replacing gas lost by leakage. Helium, for example, is 
the second most abundant element in the known universe, following 
hydrogen; together the two account for 99 percent of matter (Irvine, 1987). 
Additionally, photosynthesis of plants may be enhanced by the presence of 
alternative diluent gases. One possibility is that C02 uptake by the leaf 
depends upon the diluent gas present, since molecular diffusion theory 
dictates that one variable affecting the diffusion of a gas is the molecular 
weight of the medium into which it is passing. Under this hypothesis, an 
increase in C02 diffusion would be predicted to correspond with a decrease 
in the molecular weight of the filler gas, leading to an interest in studying, for 
example, helium or argon. Such a decrease in molecular weight, coupled 
with hypobaric pressures, would reduce mass requirements further. While 
plant crop responses are still being studied with this respect, experiments 
with Neuspora crassa grown in diluent atmospheres of helium, neon, 
nitrogen, argon, krypton, and xenon (in increasing order of molecular weight) 
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produced an inverse relationship between growth rate and the square root of 
the molecular weight of the gas (Schreiner et al., 1961). 
It would seem that any study involving influencing the rates of 
photosynthesis by altering the atmospheric composition should include a 
study of the effects of such alterations on the dark respiration rates of the 
plants as well. Indeed, if a given atmospheric composition yielded a 
significant enhancement in photosynthesis, this enhancement might be 
offset by an equal enhancement in dark respiration. Note that any increase 
in background respiration would already be accounted for by net rates of 
photosynthesis during the light. If photosynthesis and dark respiration were 
to balance and result in a net zero gain of carbon fixation, such atmospheric 
alterations would be of little value for an ALSS. However, there are two 
factors to be considered. First, an equal increase in dark respiration would 
only offset an equal increase in photosythesis given the same hours of light 
and dark. This clearly does not need to be the case, as the light parameters 
of an ALSS should be determined for optimal plant growth and can often 
include 24-hr photoperiods (i.e., continual light) for certain crops such as 
lettuce, wheat, and potatoes (Corey, 1994; Salisbury & Bugbee, 1988). 
Long photoperiods and those including continual light would clearly reduce 
any potential problems associated with carbon losses to dark respiration. 
Secondly, certain alterations in atmospheric compositions have produced 
either no significant effect on dark respiration (Corey et. al., 1998), or have 
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even yielded reductions in dark respiration (Corey et. al., 1996). Therefore, 
there are clearly ways of avoiding potential problems associated with any 
changes in dark respiration should they arise. 
Ideally, an ALSS must endeavor to maximize efficiency in all areas, 
due to the massive constraints certain to be present. Maximizing the 
efficiency of plant growth and resulting food production should be 
accomplished by providing the plants with those environmental conditions 
which best encourage growth at differing stages of development. When 
possible, this should be accomplished in the simplest and most feasible 
manner available, given the constraints of the physical parameters 
surrounding any ALSS undertakings. Research into the development of 
plants in different atmospheres, specifically, combinations of hypobaric 
pressures and different partial pressures of gases, may yield a useful union 
of these two goals. 
Purpose 
The purpose of this research is to explore plant responses to different 
atmospheric conditions in an effort to better understand what atmospheric 
regimes may provide optimal growing conditions to maximize food 
production for an ALSS. Specifically, is photosynthesis affected by different 
reduced partial pressures of gases and reduced total pressures? Do 
different diluent gases affect photosynthesis or biomass produced? How do 
these responses vary under varying conditions of C02 concentration? A 
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comparison of these plant responses will aid in testing both the hypothesis 
that C02 diffusion into the leaf depends upon the diluent gas, and the 
resulting supposition that such diffusion is inversely proportional to the 
molecular weight of the diluent gas. Additionally, these responses will aid in 
testing the hypothesis that the increasing rates of C02 diffusion associated 
with decreasing pressures result in enhanced C02 uptake, and hence 
increased photosynthesis, by plants. Such insights will hopefully aid in 
determining the suitability of combinations of diluent gases, partial 
pressures, and total pressures for use in an ALSS. 
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CHAPTER II 
MATERIALS AND METHODS 
Part I: Hypobaric vs. Ambient Experiments 
Chambers 
The experimental apparatus consisted of two 10 liter glass Pyrex 
desiccators, one designated hypobaric and the other atmospheric (Figure 1). 
Each chamber was fitted with a 4-hole black rubber stopper in the lid. A 
7.62 cm, 12 V DC fan (0.16 A, 1,9W Brushless Fan, Radio Shack) was used 
for mixing atmospheric gas in the chamber and was installed at the top. 
Wires ran through a 10 cm long section of 0.635 cm outer diameter (O.D.) 
flexible copper tubing placed in one of the holes. The wires were sealed 
inside the copper tubing with silicone caulk (GE Silicone General Purpose 
Glue & Seal); the copper tube formed an airtight seal with the surrounding 
rubber stopper. The second hole contained a 10 cm section of 0.318 cm 
O.D. flexible copper tubing which was attached to a hypobaric pressure 
gauge (Marsh vacuum gauge, ±2%, range to 100 kPa) via 0.635 cm inner 
diameter (I.D.) clear flexible vinyl tubing. Another 5 cm section of 0.318 cm 
O.D. flexible copper tubing ran through the third hole. Its outer end was 
attached via compression fitting to 0.635 cm O.D. flexible copper tubing. 
This copper tubing was connected to 0.635 cm I.D. flexible vinyl tubing 
which was capped with a polyethylene quick-disconnect; this provided a 
connection to the chambers for introduction and removal of gases. The final 
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hole was fitted with a 0.635 cm hose barb for extraction of gas samples. The 
inside of the hose barb for the atmospheric chamber was sealed with a 0.95 
cm silicone septum and additionally capped with a red rubber serum 
stopper. The hose barb for the hypobaric chamber was specially outfitted to 
allow extraction of hypobaric gases through a 100% nitrogen stream. Two 5 
cm sections of 0.635 cm O.D. flexible copper tubing were soldered to holes 
on opposite sides of the top of the hose barb. A gray silicone septum placed 
beneath the holes sealed the inlet to the chamber, while a red rubber serum 
stopper above the holes capped the top of the hose barb. The inlet copper 
tubing was attached via 0.635 cm I.D. vinyl tubing to an adjustable rate 
flowmeter, which was itself connected by 0.635 cm I.D. vinyl tubing to a tank 
of compressed N2. The 0.635 cm O.D. outlet tubing opened to the room and 
allowed the N2 to flow out. 
Above the chambers were located three 400-W high pressure sodium 
(HPS) lamps (Energy Technics Horticultural Lighting). Total photosynthetic 
photon flux (PPF) at the top center of the canopy was 699.87 ± 6.73 
pmol m^-s'1. Mounted next to the chambers was a single 38-W fan 
(Windmere) whose air stream was directed across the chambers to provide 
cooling from the heat produced by the HPS lamps. 
Plant Culture 
Lettuce seeds (Waldmann's Dark Green, Stokes' Seeds) were sown 
and germinated on a bed of perlite placed in a plastic tub (30.5 x 35.5 x 12.5 
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cm) and saturated with distilled water. Tubs were placed under a light bank 
of ten 8' fluorescent lamps (GE High Output, Cool White) and four 400-W 
HPS lamps and grown with a 16-hour/8-hour light/dark photoperiod. 
Photosynthetic photon flux at the canopy top was 709.80 ± 77.77 
pmol-m^s'1. Temperature in the growth room was maintained at 21 ±2 °C. 
Seedlings were thinned periodically to prevent overcrowding. Nutrient 
solution (Hoagland's Standard, Table 1) and distilled water were added to 
Table 1: Composition and recipe of Hoagland's modified nutrient solution for 
culture of lettuce plants. 
Stock Solution Composition: Final Solution: 
Component Formula Weight 0.5 M (g/l) ml stock /1 final sol'n 
Ca(N03)2-4H20 236.16 118.08 10 ml 
KN03 101.11 50.55 10 ml 
kh2 po4 136.09 68.05 10 ml 
MgS04-7H20 246.47 123.24 10 ml 
Micronutrients: Dissolve the following in 1 1 H20: 1 ml/ 
2.86 g H3BO3 
1.81 g MnCI2-4H20 
0.22 g ZnS04-7H20 
0.08 g CuS04-5H20 
0.02 g H2Mo04 H20 
Fe-EDTA: Dissolve 3.72 g Na2EDTA in 1 I dH20. 1 ml /1 
Add 2.78 g FeS04-7H20. Mix and heat 
to 80 °C. 
maintain the water level in the tubs. At between four and six weeks, twenty 
plants of similar size were selected and removed from the perlite, which was 
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selected for the ease of root removal. Perlite was rinsed from the roots, and 
the plants were placed in 50-ml flasks filled with nutrient solution. Each 
plant was held in place by a foam plug slit lengthwise and wrapped around 
the stem of the plant. These plugs also served as a barrier to nutrient 
solution spillage and evaporation. Ten plants and flasks were placed in 
each of the chambers, arranged to give maximum leaf canopy exposure to 
light. Lids were then sealed to the chambers with high vacuum silicone 
grease. The plant harvest index was 88.1 ±1.5% for the lettuce plants. 
Experimental Setup 
Appropriate mixtures of gases for each chamber for each experiment 
were made by a sequence of chamber evacuations followed by introductions 
of gases. First, the internal chamber fans were turned on for mixing. 
Chambers were then evacuated down below 10 kPa by roughing pump 
(Duo-Seal Vacuum Pump, Welch Scientific). Next, chambers were filled with 
their primary component gas (e g., N2l 02) or synthetic air, depending on the 
experiment). Chambers were thus evacuated and refilled with their primary 
gas three times to produce an internal composition of better than 99.9% 
purity. Once this primary mixture was established, the hypobaric chamber 
was evacuated to the partial pressure appropriate for the given mixture. 
This chamber was then filled to one atmosphere (atm) with the appropriate 
secondary gas mixture for the given experiment. Next, 50 ml and 10 ml of 
C02 were injected into the hypobaric and ambient chambers, respectively. 
31 
Carbon dioxide was allowed to mix for two minutes within the chambers, and 
then the hypobaric chamber was evacuated down to 20 kPa. This 
established the same initial partial pressure of carbon dioxide in both 
chambers for the start of the experiment. 
HPS lamps were covered and turned on until full light intensity was 
reached (approximately two minutes). The external cooling fan was then 
turned on, and the light covers were removed. This was considered time 
zero for the experiment, and samples were removed at two minute intervals 
for the first thirty minutes, and then at five minute intervals for the remainder 
of the experiment. As the chambers remained sealed throughout the 
experiment, this series of experiments represented non-steady state 
conditions and produced drawdowns of C02 concentrations approaching the 
compensation point. 
Gas samples were removed with 1.0 ml syringes (Tuberculin 1 cc 
Syringe, Becton Dickinson) fitted with 3.81 cm needles (PrecisionGlide, 22 
gauge, Becton Dickinson). For the ambient chamber, the needle was 
inserted through the outer rubber serum stopper, through the inner silicone 
septum, and into the chamber. A 0.5 ml sample was then taken, and the 
needle was removed and capped by sticking it into a black rubber stopper. 
For the hypobaric chamber, the needle was similarly inserted through the 
outer rubber serum stopper, passed through the small interior flowing stream 
of N2, and inserted through the inner silicone septum and into the chamber. 
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The syringe plunger was pulled back to 0.5 ml volume of gas. Note that this 
gas was at 20 kPa (i.e., 1/5 atmosphere pressure) and needed to be 
returned to full atmospheric pressure before being exposed to the room air 
in order to prevent air from filling the partial vacuum and contaminating the 
sample. Thus, the needle was pulled back through the inner silicone septum 
and exposed to the pure N2 stream, allowing N2 to fill the partial vacuum and 
return the sample to one atm pressure. The needle was then pulled through 
the outer rubber serum stopper and capped by sticking it into a black rubber 
stopper. 
Analysis 
Samples were analyzed by gas chromotagraphy (Varian Model 3400 
Gas Chromatograph) using a flame ionizer detector (FID). The column was 
an 80-100 mesh GDX 502 (Tanjing Chemical Reagant Co., Tanjing, China). 
Samples were injected through the machine's port, where they passed first 
through a methanizer (Tan & Thimann, 1989). By exposure to H2 under 
appropriate conditions, this converted the C02 present to methane, a 
compound detectable by the FID. The methane samples then flowed 
through the column and were ionized and read; peaks were printed, and 
total areas under the curves were integrated and reported (Varian Integrator 
Model 4290). The thermal conditions of the gas chromatograph were as 
follows: column = 90 °C, injector = 50 °C, detector = 200 °C. 
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Data Analysis 
Data was in the form of concentration of C02 taken over a period of 
time corrected to ppm using a 638 ppm C02 standard. This data was 
converted to ppC02 in Pa and graphed versus time in minutes to produce 
drawdown curves (see Results section). Drawdown curves were truncated 
so as to include only three data points from the lowest range of ppC02 for 
each curve so as to provide a consistant approach for data analysis. 
Regression analysis was then performed on these curves by SAS (SAS for 
Windows, v. 6.12, The SAS Institute, Inc.) to yield the best fit quadratic 
curve for each drawdown. Each curve was graphed along with raw data to 
show variation. The first derivative of each curve was then taken to yield 
dC02/dtime, which was then converted to rates of photosynthesis in 
pmol kg'^s'1. These rates were then plotted versus ppC02 to yield 
photosynthetic response curves. These response curves were compared to 
determine statistical significance (Chow, 1960). 
While regression analysis yielded slightly better fits with cubic 
functions than with quadratic functions, quadratic functions were used 
instead, with high R2 values as shown in the Results section. This was due 
to the presence of two relative or absolute minima or maxima present in any 
cubic function, which introduced meaningless inflection points into the fitted 
curves. Use of quadratic functions produced curves with a single real 
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maximum over the range of ppC02 with physiological significance, namely, 
maximum rate of photosynthesis. 
Part II: Helium vs. Nitrogen Experiments 
Chambers 
The experimental apparatus consisted of eight 10 liter glass Pyrex 
bell jars and plumbing and electrical supplies for control of atmospheric 
composition, nutrient solution, light delivery, temperature, and relative 
humidity (Figure 2). The top opening to each bell jar was sealed with a 
black rubber stopper with four holes: two inlets and two outlets. A 38 cm 
section of 0.635 cm O.D. flexible copper tubing passed through the first inlet 
and down 20 cm to the canopy of the enclosed plants. This was connected 
to 0.635 cm I.D. flexible clear vinyl tubing leading from the gas mixing 
chambers (Figure 3). The first outlet hole provided a port for taking gas 
samples. The second outlet hole was fitted with a 25 cm section of 0.635 cm 
O.D. flexible copper tubing extending 8 cm into the chamber and connected 
with 0.635 cm I.D. vinyl tubing to the dehumidifing system. The second inlet 
was fitted with 0.635 cm O.D. flexible copper tubing, which provided the 
return from the dehumidifying system. 
Each bell jar was sealed to a 30 cm x 30 cm sheet of 0.635 thick 
plexiglass with high vacuum silicone grease. Each sheet of plexiglass had 
three small holes in one corner of the area contained by the bell jar. A 12V 
wire passed through one hole supplied a small 3.81 cm fan (0.1 A Brushless 
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Cooling Fan, Radio Shack) suspended above the plant canopy for mixing 
the gas contents of the jars. Vinyl tubing (0.635 cm I.D.) passed through the 
remaining two holes; one, an inlet line for nutrient solution, the other, a 
return feed for nutrient solution. Nutrient solution was maintained in a 15 cm 
diameter, 2 liter, blue plastic tub (Fluoroware) at a constant level and was 
replenished by pump (sump type, 1/150 H P., 1.1 A Little Giant) from two 20 
liter external reservoirs. The return from the tub to the external reserviors 
was by 0.635 cm I.D. vinyl tubing connected to a hole in the side of each tub 
spaced 2 cm down from the top. The lid for each tub contained four holes, 
one in the center, the other three spaced at equal distances around it. The 
center hole provided access for the nutrient solution inlet line. The three 
surrounding holes held the plants in each bell jar, one plant per hole. Plants 
were held in place by foam plugs slit lengthwise. Plants were grown and 
transplanted to these foam plugs and described previously in Part I. This 
system maintained the nutrient solution composition (pH = 5.10 ± 0.18; 
conductivity = 3.23 ± 0.20 pMHOS) due to the large size of the reservoirs 
relative to the rate of nutrient uptake. 
Pure gases (N2, He, Ar) were supplied by compressed gas cylinders 
(Merriam Graves, Scientific Grade). Carbon dioxide was supplied in 
mixtures with pure 02 at two levels, 1750 ppm and 3500 ppm, as needed. 
Gases flowed from the tank regulators via 0.635 cm I.D. vinyl tubing to a 
bank of adjustable rotameters (Air Products). Appropriate flows were 
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established for each treatment, one control and one experimental. The 
control consisted of 80% N2, 20% 02, plus C02; the experimental, 80% He 
(or Ar), 20% 02, plus C02. Carbon dioxide was introduced at either 350 ppm 
or 700 ppm by fivefold dilution of the 1750 ppm or 3500 ppm C02 balance 02 
tanks, respectively. Gases then flowed via 0.635 cm I D. vinyl tubing to two 
mixing chambers (one experimental, one control). Each mixing chamber 
consisted of a 500 ml glass Pyrex flask with a 10 cm length x 2.5 cm 
diameter column filled with foam to promote gas mixing. Gases flowed 
through the foam column and into the chamber. The return from each 
chamber led to a second mixing chamber, a 2000 ml glass Pyrex flask. The 
return from these secondary mixing chambers each split four ways and went 
to two banks of rotameters (Air Products). Flow rates were set at 0.2 liters 
per minute (Ipm) to provide in excess of one exchange per hour under 
steady state conditions but were adjustable to different rates. Vinyl tubes 
(0.635 cm I.D.) carried the gas from each rotameter to each of the eight 
chambers: four experimentals and four controls. 
Humidity and Temperature 
The dehumidifying system removed warm moist air independently 
from each of the eight chambers, cooled and dehumidified it, reheated it to 
the desired temperature, and returned it to each chamber (Figure 4). This 
process occured continually but could be turned off. The outlet tube from 
each chamber traveled to a small filter (HEPA-Vent, 0.3 micrometer, glass 
39 
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microfiber filter with polypropylene housing, Whatman) for removal of dust 
and contaminants and then to a polyethylene T. The two branches of the T 
extended to the two inlet ports for the air pump (5W, Apollo-5) which 
provided air circulation for the dehumidifier system. A plastic tube extended 
from each pump outlet to the side of the refrigerator, where each entered 
through the refrigerator via a 15 cm length of 0.635 cm O.D. flexible copper 
tubing. Inside the refrigerator, vinyl tubing extended from each copper tube 
over to the large plastic reservoir (35.5 x 35.5 x 61 cm, Rubbermaid) filled 
with cold water where they connected with each of eight condensing coils. 
Condensing coils consisted of 7.62 m of 0.635 cm flexible copper tubing 
wrapped in spiral fashion to form an approximately 10 cm diameter x 16 cm 
length column. At the lower end each coil was attached through a black 
rubber stopper to a 500 ml glass bottle. As the warm moist air entered the 
condensing coils, moisture condensed out on the inner walls of the copper 
tubing and flowed down the coil and into the glass flask, where it collected. 
Two additional copper tubes extended through the rubber stopper, one 
reaching from the bottom of the jar up to above the water line of the 
reservoir, and the other from the top of the jar to above the water line. The 
first, capped with red rubber serum stoppers until needed, provided a means 
of removing condensed water via vacuum pumping. Such pumping was 
seldom required, as the system could easily run in excess of two weeks 
without the need for water removal. Each second tube provided the gas 
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return line, and each was connected via 0.635 cm I.D. vinyl tubing to the 
flexible copper tubing sections penetrating the refrigerator wall. From the 
outside of the refrigerator, each copper line was connected via 0.635 cm 
vinyl tubing to each of eight secondary copper coils (identical to the 
previously described condensing coils), submerged in a large plastic tub 
(35.5 x 35.5 x 61 cm, Rubbermaid). The temperature in this reservoir was 
maintained at a desired temperature (typically 15 °C) by a circulator (12.5 A, 
Coolflow Refrigerated Circulator, CFT-33) which pumped water from the 
reservoir past either a heater or cooler, as necessary. The temperature 
could be set within a range of 0 - 40 °C. This process reheated the cool, 
dehumidified air. Air was then carried via 0.635 cm I.D. vinyl tubing to the 
inlet copper tubes of each chamber, where it mixed with their contents. 
The dehumidifying system was adjustable and could maintain the 
desired relative humidity for given plant sizes. Because it lacked sensors 
and feedback control mechanisms, changes in the relative humidity required 
manual control. The refrigerator could be turned colder or warmer to yield a 
subsequent decrease or increase in the relative humidity of the gases. Such 
a change required time for the refrigerator to respond and change the 
temperature of the water reservoir. The external heating reservoir was 
quicker to respond. The unit heating and cooling this reservoir contained a 
thermostat which could be set to a range of temperatures from 0 to 40 °C. 
While the temperature inside the chambers was controlled primarily by that 
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of the room, this return air allowed for additional temperature control to 
counteract the 'greenhouse' effects caused by the radiant energy from the 
lamps. As shown in (Figures 5 - 6), this temperature control was substantial 
under both steady state and non-steady state conditions. Similarly, once 
established, the system maintained relative humidity over a narrow range. 
Light was provided by a bank of ten 2.4 m fluorescent (GE High 
Output, Cool White) and four 400-W HPS (Energy Technics Horticultural 
Lighting) lamps. While the fluorescent bank was stationary and provided a 
constant light output, the HPS lamps could be moved sideways across the 
chain and could be removed if desired. Additional HPS lamps could be 
added. This allowed flexibility in the total light output maintained. 
Additionally, since lamps were split between two timers, different levels of 
light intensity could be produced at different times of the day. For most 
purposes, plants were grown on a 16-hour/8-hour light/dark photoperiod. 
Temperature in the growth room was maintained at 21 ±2 °C. A large box fan 
(50.8 cm, 2.1 A) turned on high and mounted at the side of the array of 
chambers provided additional air circulation. 
This system was used to conduct two types of experiments: non¬ 
steady state and steady state. These terms refer to the composition of 
gases, especially ppC02) being maintained at a given level or being allowed 
to vary with the course of the experiment. 
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Non-steady state experiments 
In non-steady state, or drawdown, experiments, individual chambers 
were sealed, and samples were taken at intervals from time zero. These 
intervals were typically every two minutes for the first thirty minutes, and 
every five minutes thereafter. The initial C02 concentration within the 
chambers was usually elevated to a desired point, typically 1500 ppm, by the 
addition of C02. These drawdown experiments represented non-steady 
state conditions and were comparable to those conducted in Part I with the 
hypobaric vs. atmospheric chambers. During these drawdown experiments, 
the dehumidifying system continued to operate, but the gas inlet lines and 
gas outlet ports were sealed. Additionally, the nutrient solution delivery 
system was shut down to the chambers to prevent removal of internal gases. 
Steady state experiments 
In the second type of experiment, gas inlet lines and outlet ports 
were left in operation. Therefore, these experiments represented steady- 
state conditions, in which a continual supply of N2 (or He or Ar), 02, and C02 
were provided to the plants at a flow rate of 0.2 Ipm. The plants utilized a 
portion of the C02 during photosynthesis, and thus a net decrease in C02 
concentration in the chambers was produced. Samples from the inlet lines 
and outlet ports were taken and measured to quantify this change in C02 
concentration. 
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While most steady-state experiments involved plants grown outside 
the apparatus and transplanted for study, two additional steady state 
experiments were conducted to study the germination and growth of lettuce 
under He vs. N2 and separately under Ar vs. N2. In these two experiments, 
each blue tub was filled with perlite, and one hundred seeds were sown per 
chamber. Gas mixtures were allowed to flow overnight to establish the 
internal atmospheres, and then the following day, nutrient solution was 
added via tube from the top to begin germination. Flow rates were at 0.2 
Ipm per chamber, providing more than one complete chamber exchange per 
hour. Seeds were exposed to a 16 hour light/8 hour dark photoperiod until 
the completion of the experiment. Seeds germinated and grew in each 
chamber. Nutrient solution and water were added as needed in equal 
amounts to all chambers. At the end of the experiment, plants were counted 
and harvested, and a total dry mass of shoot material was determined for 
each chamber. For the He vs. N2 experiment, the gas composition was 20.1 
kPa 02, 35.4 Pa C02, and the balance, nearly 80%, either He or N2. After 20 
days, the ppC02 of the mixture was doubled to 70.9 Pa to maintain adequate 
C02 concentration at the same flow rate for the larger plants. The 
experiment was terminated after 34 days. For the Ar vs. N2 experiment, the 
gas composition was 20.1 kPa, 35.4 Pa C02, and the balance, either Ar or 
N2. After 30 days, this mixture was changed to double the C02 
concentration to 70.9 Pa. The experiment was ended after 40 days. 
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Analysis 
Samples of 0.5 ml size were taken and analyzed by gas 
chromatagraphy using a flame ionizer detector as described in Part I. 
Relative humidity and temperature were measured by a hand-held thermo¬ 
hygrometer (Hanna #HI18564 thin-film capacitance humidity sensor; 
accuracy: 2% RH, 0.5 °C). 
Data Analysis 
Data from drawdown curves were analyzed as described in Part I. 
Data from steady state measurements were used to calculate changes in 
concentration of C02 between inlet and outlet, which were then converted to 
rates of photosynthesis in pmol-kg^-s'1. These rates represent a single point 
on the drawdown curves produced by the non-steady state experiments at a 
particular ppC02. Data from the germination and growth experiments were 
compared by t-tests using SAS. 
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CHAPTER III 
RESULTS 
Part I: Hypobaric vs. Ambient Experiments 
Three sets of non-steady state drawdown experiments were 
conducted to compare the effects of total pressure, partial pressure of 02) 
and partial pressure of C02 on photosynthesis. Two replicates in time were 
conducted for each experiment. 
Hypobaric vs. Ambient at different ppQ? 
Data from the first set of hypobaric vs. ambient experiments are 
illustrated in drawdown curves of C02 vs. time (Figures 19, 20, 21 & 22, 
Appendix). Hypobaric treatments at 0.2 atm total pressure and four pp02 
(pp02 = 0.02, 0.04, 0.1, and 0.2) were compared to ambient treatments with 
a pp02 of 0.2 atm. Photosynthesis rates vs. ppC02 for each of these four 
experiments are illustrated in Figures 7, 8, 9, & 10. Photosynthesis was 
significantly enhanced (p<0.005) for the hypobaric treatments of pp02 = 
0.02 and 0.04 relative to ambient conditions. No significant difference was 
observed for hypobaric treatments of pp 02 = 0.1 and 0.2 relative to ambient 
conditions. 
Hypobaric vs. Ambient at same ppQ? 
The second set of experiments involved pairwise comparisons of 
hypobaric vs. ambient treatments at four pp02 = 0.02, 0.04, 0.1, and 0.2 atm. 
Drawdown curves from these experiments are illustrated in Figures 23, 24, 
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25, & 19, Appendix. Photosynthesis rates vs. ppC02 for each of these four 
experiments are illustrated in Figures 11, 12, 13, & 10. No significant 
difference was observed between hypobaric and ambient treatments of pp02 
= 0.02 and 0.2. Photosynthesis was significantly (p<0.005) reduced for 
hypobaric treatments relative to ambient at pp02 = 0.04 and 0.1. 
Ambient vs. Ambient at different ppO? 
Results from the third set of experiments are illustrated in drawdown 
curves of C02 vs. time (Figures 26, 27, & 28). Photosynthetic response 
curves are illustrated in Figures 14, 15, & 16. Photosynthesis was 
significantly different (p<0.05 and p<0.005, respectively) for pp02 = 0.02 and 
0.04 relative to pp02 = 0.2 under ambient conditions. Specifically, 
photosynthesis was enhanced for pp02 = 0.02 and 0.04 at low ppC02 
(ppC02 < 40 Pa) and reduced at higher ppC02 (ppC02 > 80 Pa) relative to 
ambient conditions of pp02 = 0.2. No significant difference was observed 
between ambient treatments of pp02 = 0.1 vs. pp02 = 0.2. 
Part II: Helium and Argon vs. Nitrogen 
Non-steady state drawdowns 
Carbon dioxide drawdown curves of [C02] vs. time produced from 
non-steady state He vs. N2 experiments are illustrated in Figures 29 & 30, 
Appendix. Graphs of photosynthesis vs. partial pressure of C02 are shown in 
Figures 17 & 18. Two sets of experiments were conducted, the first at 100% 
relative humidity, the second at 82.3 ± 1.9% relative humidity. Plant 
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photosynthesis under He was significantly (p<0.005) suppressed relative to 
N2 at 100% relative humidity. This difference was smaller at lower ppC02 
but larger at higher ppC02. No significant difference in photosynthesis was 
observed at 82.3 ± 1.9% relative humidity. 
Steady state experiments 
As shown in Table 2, photosynthesis under steady state conditions of 
76.5 ± 0.2%, 75 ± 2%, and 100% relative humidity was not significantly 
different under He relative to N2. A t-test was used to determine the non¬ 
significant differences between He and N2 treatments. 
Table 2: Rates of photosynthesis for plants grown in helium and in nitrogen 
atmospheres under steady state conditions. Temperatures and % relative 
humidity are approximate for experiments 1, 3, and 4. Values otherwise 
represent means of four replications ± 1 standard deviation. 
Experi¬ 
ment 
Relative 
humidity 
<%) 
Temperature 
(°C) 
Helium3 
photosynthesis 
Nitrogen3 
photosynthesis 
Probability6 
1 75 ±2 32 ± 2°C 206.6 ±21.8 209.6 ± 37.4 0.8935 (NS) 
2 76.5 ± 
0.2 
32.1 ±0.3°C 246.1 ±31.7 231.3 ±34.0 0.5478 (NS) 
3 100 32 ± 2°C 65.9 ±4.6 72.4 ±6.7 0.1620 (NS) 
4 100 32 ± 2°C 73.6 ±24.8 90.3 ±9.0 0.2537 (NS) 
a Photosynthesis is in pmol kg'^s'1. 
b Probability of rejecting the null hypothesis (NS = nonsignificant). 
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Germination and growth 
Results from germination and long-term growth experiments with He, 
Ar, and N2 are summarized (Tables 3 & 4). Data represents number of 
plants harvested at the end of the growth period and the dry weight of the 
plants. Also presented is an estimated number of seedlings germinated for 
the Ar vs. N2 experiment. Note that neither estimate is completely indicative 
of total germination; not all plants survived the competition with others to be 
harvested at the end, and the estimate of initial germination, while nearly 
accurate, was hampered by the difficulty of counting tiny seedlings through 
the curved chamber glass. These results show no significant difference 
between He and N2 or Ar and N2 in the number of plants harvested, dry 
weight of plants, or estimated number of germinated seedlings, as 
determined by t-test. 
Table 3: Germination and growth of lettuce grown in helium and in nitrogen 
atmospheres under steady state conditions for 34 days. Numbers are 
averages of four replicates ± 1 standard deviation. 
Measurement Helium Nitrogen Probability3 
plants (#) 37.8 ±3.7 30.5 ±7.8 0.1456 (NS) 
dry mass (g) 2.16 ±0.24 1.82 ±0.21 0.0670 (NS) 
a Probability of rejecting the null hypothesis (NS = nonsignificant). 
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Table 4: Germination and growth of lettuce grown in argon and in nitrogen 
atmospheres under steady state conditions for 40 days. Numbers are 
averages of four replicates ± 1 standard deviation. 
Measurement Argon Nitrogen Probability3 
plants (#) 36.8 ±14.4 39.5 ± 12.9 0.7858 (NS) 
dry mass (g) 1.84 ±0.12 1.88 ± 0.14 0.7138 (NS) 
germinationb(%) 49.3 ± 16.5% 51.5 ±9.2% 0.8202 (NS) 
a Probability of rejecting the null hypothesis (NS = nonsignificant). 
b Estimated germination (see text). 
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CHAPTER IV 
DISCUSSION 
Part I: Hypobaric vs. Ambient Experiments 
Section I: Hypobaric vs. Ambient at different ppQ? 
At low pp02 = 0.02 and 0.04, photosynthesis was enhanced under 
hypobaric treatments relative to ambient treatments (Figures 7 & 8). At 
higher pp02 = 0.1 and 0.2, no significant difference was observed in 
photosynthesis between hypobaric and ambient treatments (Figures 9 & 10). 
Both diffusion theory and supporting experiments on gases demonstrate 
that, at low to moderate pressures, the diffusion coefficient for gases is 
inversely proportional to pressure (Reid et al., 1977). Thus, diffusion of C02 
increases with decreasing pressure. This increase in C02 diffusion has led 
others to predict that reduced total pressures will result in enhanced 
photosynthesis (Andre & Massimino, 1992; Ohta et al., 1993). Two of these 
experiments do not support this prediction, as photosynthesis was not 
significantly altered for hypobaric treatments of pp02 = 0.1 and 0.2 vs. 
ambient treatments of pp02 = 0.2. Photosynthesis was significantly 
enhanced for hypobaric treatments of pp02 = 0.02 and 0.04 relative to 
ambient. At these low pp02, however, a second effect may be involved. 
Plant physiology studies have demonstrated that, because of net losses of 
carbon fixation to photorespiration, decreasing levels of 02 translate into 
increased net photosynthesis in C3 plants ( Ehleringer, 1979; Lawlor, 1987). 
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Indeed, photorespiration typically accounts for between 25 and 30% of net 
photosynthesis in C3 plants; this value increases under higher temperatures, 
water stress, increasing pp02, or decreasing ppC02 (Lawlor, 1987). In some 
species, photorespiration can account for nearly 50% of net photosynthesis 
(Hall & Rao, 1994). Photorespiration occurs because the enzyme RuBISCO 
(ribulose-1,5-bisphosphate carboxylase-oxygenase) has binding affinity for 
both C02 and 02 (Hall & Rao, 1994; Hopkins, 1995; Lawlor, 1987). Because 
both gases compete for the same binding site, high C02 concentrations and 
low 02 concentrations favor carboxylase activity, whereas the reverse trends 
favor oxygenase activity (Hall & Rao, 1994; Hopkins, 1995; Lawlor, 1987). 
Additionally, increasing temperature decreases the solubility of gases in 
water; because the solubility of 02 is less affected than the solubility of C02, 
oxygenation is favored at higher temperatures in C3 plants (Hall & Rao, 
1994; Hopkins, 1995; Lawlor, 1987). The oxygenation reaction results in the 
eventual release of a molecule of C02 following a series of reactions. Such 
observations of the effects of pp02 net photosynthesis have been 
demonstrated in recent literature with regards to ALSS research (Corey, 
1993; Corey, 1994; Corey et. al., 1996; Corey et. al., 1998). The high 
temperatures (26.3 ± 0.7 °C) present in this set of experiments would favor 
the oxygenation reaction and thus increase photorespiration. Therefore, the 
reduction in pp02 relative to ppC02 would be predicted to reduce 
photorespiration and thus increase net photosynthesis. While no difference 
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in photosynthesis was observed at hypobaric treatments of pp02 = 0.1 and 
0.2, a significant enhancement was observed for pp02 = 0.02 and 0.04. 
Therefore, at some value between pp02 = 0.1 and 0.04, the pp02:ppC02 
ratio may shift strongly enough in favor of carboxylation to produce the large 
increase in photosynthesis observed. Considering the vastly greater 
concentrations of 02 present in the atmosphere relative to C02, it perhaps 
follows that it takes a substantial decrease in 02 to produce a great enough 
change in the ratio of pp02:ppC02 such that 02 is not saturating and C02 
can bind preferentially to RuBISCO, thereby producing an increase in net 
photosynthesis. This photosynthetic enhancement may therefore be a result 
of reduced pp02. However, such an enhancement may only occur in 
combination with reduced pressure, as it was not observed consistently in 
the the following sets of experiments. 
Section II: Hypobaric vs. Ambient at same ppO? 
In this second set of experiments, treatments involved comparisons at 
the same levels of 02. Thus, any observed differences in photosynthesis 
would be predicted to correspond with total pressure effects. For pp02 = 
0.02 and 0.2, reduced total pressure appeared to have no effect on 
photosynthesis (Figures 11 & 10). However, for pp02 = 0.04 and 0.1, 
reduced total pressure appeared to result in reduced photosynthesis. This 
is contradictory to results observed in Section I, which suggested no effect of 
total pressure on photosynthesis at hypobaric treatments of pp02 = 0.1 and 
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0.2 and enhanced photosynthesis at hypobaric treatments of pp02 = 0.02 
and 0.04. It was hypothesized that this latter results was due to the effects 
of reduced pp02. However, this hypothesis too needs further analysis based 
upon the results from the third set of experiments. 
Section III: Ambient vs. Ambient at different ppQ? 
Comparisons of different pp02 = were made under ambient conditions 
to control for the effects of total pressure in order to study the effects of pp02 
on photosynthesis. At ambient treatments of pp02 = 0.1 vs. pp02 = 0.2, no 
significant difference in photosynthesis was observed (Figure 16). However, 
photosynthesis response curves for pp02 = 0.02 and 0.04 were significantly 
different from response curves at pp02 = 0.2 (Figures 14 & 15). These 
significant differences took the form of an enhancement in photosynthesis at 
low pp ppC02 (ppC02 < 40 Pa) and a decrease in photosynthesis at higher 
ppC02 (pp02 >80 Pa). Again, these results are somewhat ambiguous and 
contradictory to results obtained in Section I and Section II. The lack of 
difference observed between ambient treatments of pp02 = 0.1 and pp02 = 
0.2 indicate no difference in photosynthesis at higher levels of 02. This is in 
agreement with results observed in Section I, where no significant difference 
was observed between hypobaric treatments at pp02 = 0.1 and 0.2 vs. 
ambient pp02 = 0.2. In Section I, photosynthesis was enhanced at pp02 = 
0.02 and 0.04 under hypobaric conditions relative to ambient across the full 
range of ppC02, indicating an enhancement in photosynthesis attributable to 
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the effects of reduced pp02. However, this effect may only occur in the 
presence of reduced total pressure, as it was not observed in this third set of 
experiments. Instead, photosynthesis appeared to be a function of both 
pp02 and ppC02 under the ambient conditions of Section III. Under low 
pp02 = 0.02 and 0.04 at low ppC02 (pp02 = 40 Pa), the enhancement in 
photosynthesis observed is consistent with predictions that reduced pp02 
yields increased photosynthesis. As ppC02 increased above 80 Pa, 
however, photosynthesis was reduced rather than enhanced. These results 
suggest that the pp02: ppC02 ratio at low pp02 and low ppC02 favored the 
carboxylase reaction, but that increasing ppC02 above 80 Pa reversed this 
trend, contrary to predictions. Such a reversal in trend was not observed in 
the hypobaric conditions present in Section I. 
Part II: Helium and Argon vs. Nitrogen 
At 100% relative humidity, plant photosynthesis was significantly 
reduced under He vs. N2 under drawdown conditions (Figure 17). At 82.3 ± 
1.9% relative humidity, no significant difference was observed in 
photosynthetic response curves between He and N2 for drawdown conditions 
(Figure 18). These results suggest an interaction of the effects of He and 
relative humidity on photosynthesis. Plant responses to diluent gases such 
as He may depend on relative humidity. Additionally, relative humidities 
below 100%, and perhaps near 80%, may be preferable for plant growth 
conditions for an ALSS. These two indications are worth further study, 
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especially as they are supported by available literature. Relative humidity 
has been shown to play an important and often differing role in 
photosynthetic responses (Hopkins, 1995). Relative humidity may have an 
effect on stomatal conductance, which in turn would lead to alterations in the 
rates of gas exchange through the stomata and, hence, changes in the rates 
of photosynthesis. It is possible that even lower relative humidities, perhaps 
in the range of 60 - 70%, might have translated into the predicted 
enhancements in photosynthesis under He treatments. While the C02 
diffusion rate is inversely related to the molecular weight of the diluent gas, 
this enhanced diffision did not translate into increased photosynthesis for 
lettuce grown in He relative to N2 under the experimental conditions present. 
Rather, He resulted in reduced photosynthesis at 100% relative humidity. At 
82.3 ± 1.9% relative humidity, photosynthetic enhancement was not 
observed; however, He did not appear detrimental to photosynthesis at this 
reduced relative humidity. Thus, the data indicates that He could be 
considered as a diluent gas for purposes of mass reduction or resource 
utilization in an ALSS, provided appropriate conditions of relative humidity 
were maintained. 
No significant differences in photosynthesis were observed under 
steady state conditions at either 76.5 ± 0.2%, 75 ± 2%, or 100% relative 
humidity. While these results do not indicate enhancements in 
photosynthesis under He atmospheres, they do not indicate that He is 
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detrimental to photosynthesis. Therefore, He may be suitable for use in an 
ALSS for purposes of mass reduction. These results at 100% relative 
humidity appear to contradict the results obtained under drawdown 
conditions, where photosynthesis was significantly reduced for the He 
treatment. However, this may be a result of the small sample size (n = 3 
plants per replicate) present in the experiment which prevented a powerful 
statistical means of dealing with inherent plant variability. Additionally, while 
light was equalized as much as possible over the plant canopy, some 
random differences were still present (Figure 2). Plant variability would be 
reduced under drawdown conditions, which represent photosynthesis rates 
at many ppC02 as opposed to readings at just a single ppC02, as in steady 
state conditions. As such, drawdown results should be considered more 
reliable. 
Differences in number of plants harvested, harvested dry mass, and 
estimated number of seedlings germinated were not significant for either He 
vs. N2 or Ar vs. N2 treatments. Thus, even though C02 diffuses more rapidly 
in He than in N2, and less quickly in Ar than in N2, such changes in diffusion 
rate do not appear to translate into differences in either photosynthesis or 
plant biomass produced under the experimental conditions present. This 
may be a function of the plant species used; studies with different diluent 
gases have shown moderate enhancement in some species (Corey, 1994; 
Schreiner et al. 1961), no effect in other species (Ammann & Lynch, 1966; 
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Orcutt et al. 1970), and detrimental effects in others (Latterell, 1966; 
Schreiner et al. 1961). Thus, while He did not translate into enhanced 
photosynthesis as predicted, these results indicate that either of the three 
gases would be suitable diluent gases, if available, for lettuce grown in an 
ALSS. Due to its relative abundance and reduced mass, He might therefore 
serve well as a diluent gas for the plant growth compartments of an ALSS. 
Systems Evaluation 
Hypobaric vs. Ambient System 
Several improvements to the hypobaric vs. ambient system could be 
suggested. First, larger chambers would allow for an important reduction in 
variability due to the small sample sizes (n=10 plants per chamber) used. 
Additionally, they would allow experiments involving a greater total biomass; 
it should be emphasized how large an effect total plant mass has on the 
rates of photosynthesis calculated on a per kg basis. Thus, a larger plant 
biomass in both chambers would translate into reduced variability and better 
estimates of photosynthesis rates. Second, better temperature control of the 
chambers would be ideal. For a low-tech approach, this could probably be 
achieved by a cold water bath partially surrounding the chambers so as not 
to interfere with light intensity. Third, additional chambers would allow either 
simultaneous replication (as opposed to the current necessitated replication 
over time) or, even better, four simultaneous treatments (which could be 
repeated in time). This would be a great improvement in studying and 
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separating the combined effects of pp02 and reduced total pressure by 
allowing simultaneous treatments of, for example, hypobaric (ppO2=0.02), 
hypobaric (ppO2=0.2), ambient (ppO2=0.02), and ambient (ppO2=0.2). This 
would circumvent some of the difficulties present in analyzing and comparing 
the current data by allowing experiments to be conducted on individual 
plants from the same sample population and hence, with comparable 
photosynthesis rates (same age and chlorophyll concentration). Fourth, the 
addition of a relative humidity and temperature control system (as for the 
diluent gas system) would be ideal. However, this would involve a more 
complicated setup to handle the reduced pressures present in the hypobaric 
chamber. 
An ideal but far more expensive and complicated system would allow 
for both drawdown and steady state growth conditions under controlled 
relative humidity and temperature. Such a system would need to replenish 
internal atmospheres and yet maintain hypobaric pressures. At the least, 
this would necessitate both a roughing pump to provide reduced pressure 
and a pressure gauge with on/off control to restrict the pump’s air removal to 
maintain the desired internal pressure against the inflow of resupply gases. 
This would allow for long term germination and growth studies. 
Steady State System 
A number of improvements to the steady state system used for diluent 
gas experiments could be suggested. First, lower-flow range (i.e., more 
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sensitive) flow meters would allow for better gas mixing, particularly at low 
levels of C02 concentrations. At flow rates of 0 -10 ml/min as present, 
mixing C02 directly at concentrations on the order of 350 ppm was 
impractical. Larger chambers would allow more room for larger plants, or an 
increased number of plants and hence a larger sample size for minimizing 
variability. Larger sample sizes would likely prove beneficial in terms of data 
analysis; differences in photosynthesis under different diluent gases may be 
quite small and therefore undetectable with the sample size of n=3 per 
chamber present in these experiments. However, a difference in 
photosynthesis as small as 5%, for example, would be well worth studying 
for the potential benefits to an ALSS. 
The nutrient delivery system could be modified to remove the need for 
priming of the return flow to introduce the initial siphoning effect. This could 
be accomplished by having a small additional pump inside each chamber to 
maintain the nutrient solution level. Alternatively, and with less expense, it 
could probably be accomplished by drilling a much larger hole (perhaps 1 - 2 
cm) in the side of each blue tub and running equal sized tubing down to the 
return reservoirs. These runs would need to go through the underlying table 
to maintain a downward slope regardless of their horizontal direction. 
Flexible copper tubing would probably be preferable to plastic tubing as it 
would likely impose a reduced friction and adhesion factor due to different 
surface attractions and reduced bends and curves in the tube. Bell jars 
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using O-ring seals instead of vacuum grease would be preferable and would 
allow simpler and cleaner operation of the system. 
A final set of possible improvements would involve the dehumidifying 
system. First, an increased air movement capacity should be provided - 
either by the addition of a second identical pump to each of the eight 
dehumidifying loops, or by the replacement of the existing pumps and the 
addition of identical larger pumps to the return loops. This second set of 
pumps would serve to increase the flow rate, thereby enabling the system to 
handle larger transpiration and evaporation rates. It was discovered that 
plants in excess of some undetermined size would saturate the ability of the 
system to provide stable humidity control; plants under 1 g dry weight were 
easily handled by the system, but plants of 2 g dry weight proved too much. 
The second pumps would also prevent any possible pressure changes 
between the inlets and outlets of the system. Such small pressure changes 
were occasionally encountered with the current system, evidently due to a 
short delay in the return of the pumped air through the system compared 
with the outgoing pressure. Additionally, if variable rate air pumps were 
used, the flow rate of the system could be controlled. This would allow for 
enhanced control of the relative humidity of the chambers. As it was, 
relative humidity was dependent upon plant size and light output, and so it 
was necessary to adjust the system to obtain the desired relative humidity 
and temperature for each set of experimental conditions and plant size. 
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Similarly, a more ideal system would replace the refrigerator with an 
insulated water reservoir cooled by a temperature controlled water pump 
system similar to that in use for the reheating reservoir. Such a system 
would allow for more rapid temperature changes of the reservoir, and hence, 
a better response to different relative humidity needs. An even more ideal 
and far more costly system would incorporate relative humidity sensors in 
each chamber that could be set to a given relative humidity and would 
respond to perturbations from that setpoint by altering the flow rate of the air 
pumps or changing the temperature of the cooling reservoir. However, the 
system as described was adequate and quite functional, inexpensive, and 
maintained relative humidity within tight limits over the course of any given 
experiment, given sufficient setup time and familiarity with the system to 
establish the desired relative humidity. 
This system would theoretically allow for any mixture of gases to be 
introduced to the plants in flow-through and drawdown conditions. Helium 
could easily be replaced by other diluent gases such as Ar. Therefore, the 
system would allow for study of other diluent gases, differing pp02 and 
diluent gases, and different concentrations of C02. This last component was 
less easily controlled, due to the small partial pressures involved. 
Flowmeters for the apparatus were designed for moderate steady state flow 
rates, and hence they were unable to regulate C02 flows effectively or 
accurately. As a result, C02 was purchased (Merriam Graves) as a mixture 
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with 02, and then diluted by five along with the 02. It should be noted that 
this system could be used in similar fashion to produce the opposite of 
drawdown experiments, namely, 'evolution' experiments during dark 
respiration in which the plants evolve C02. 
Future Directions 
A number of steps remain to be taken with the existing system, not to 
mention the many additional steps that could be taken with some of the 
enhancements discussed above. First, the hypobaric vs. ambient system 
should be used to better illustrate the effects of combinations of reduced 
total pressures and reduced partial pressures. While the system suffers 
from limitations imposed by being a low-tech and inexpensive approach to 
these studies, its real strength lies in its ability to accommodate a wide range 
of atmospheric mixtures rapidly. Thus, it should be used to study rates of 
photosynthesis at reduced total pressures of other than 0.2 atm (as 
performed in this study) in conjunction with reduced pp02. Since low pp02 
appears the most promising in enhancing photosynthesis, attention should 
focus there, though experiments over a range of pp02 would be useful in 
better defining response curves of lettuce to 02. It would be ideal to perform 
studies as well using different diluent gases to determine their effects, if any, 
in conjunction with reduced partial and total pressures. This would be a 
simple matter given the experimental design. Additionally, it would be useful 
to consider other plants in these studies. While lettuce is convenient due to 
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its rapid growth, it is also somewhat limited by its fragility. Much more 
information needs to be gathered regarding different plants with potentially 
different responses, and different responses at different developmental 
stages. 
The steady state system used for diluent gas measurements allows 
for any combination of gas mixtures at ambient pressure. Therefore, it would 
perhaps be most useful to study the effects of reduced pp02 on plant 
germination, development, growth, and biomass production. It would 
additionally be useful to perform these studies in conjunction with alternate 
diluent gases such as He, given the variety of responses currently found 
with regard to diluent gases in the literature. Different plant species should 
be studied. The focus should be on long term experiments, which are most 
appropriate for an ALSS; short term enhancements in photosynthesis alone 
are insufficient to justify specific gas mixtures. 
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CHAPTER VI 
CONCLUSION 
The steady state system developed provided a low cost approach to 
plant growth studies under controllable environmental conditions of 
atmospheric composition, light intensity and periodicity, nutrient solution 
quality, temperature, and relative humidity. While improvements could be 
made as suggested, this system provided good controls for plant studies at 
low cost from basic components. Results from this system indicated no 
effect of He, N2) or Ar on germination, development, and growth of lettuce. 
At 100% relative humidity, photosynthetic response curves under He were 
significantly reduced relative to N2, but at 82.3 ± 1.9% relative humidity, no 
difference was observed. Thus, He appears detrimental to photosynthesis 
at 100% relative humidity, but suitable at lower relative humidities as a 
diluent gas in an ALSS. 
The non-steady state system developed allowed for a low cost 
approach to studying effects of different total and partial reduced pressures 
in virtually any combination. At the reduced partial and total pressures 
studied here, results were ambiguous and somewhat contradictory. 
Reduced total pressures combined with reduced pp02 yielded significant 
increases in photosynthesis; however, such enhancements were not 
consistently observed across the full range of ppC02 when effects of total 
pressures and partial pressures of 02 were separated. Some experiments 
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indicated no effect of total pressure on photosynthesis, while others 
indicated a significant reduction in photosynthesis at reduced total 
pressures. Additionally, the enhancements in photosynthesis observed in 
some experiments apparently attributable to reductions in pp02 were not 
consistently observed across all experiments. These results are therefore 
somewhat difficult to explain. 
It should be noted that these results were reproduced consistently 
across each pair of replicates. However, differences in plants, plant age and 
chlorophyll density, and differing plant responses to conditions of stress 
possibly imposed by temperature, relative humidity, and perhaps root zone 
dissolved 02 levels may have introduced additional variables beyond those 
being studied. In particular, differences in relative humidity were likely 
experienced as a result of the differences in pressure between the hypobaric 
and ambient treatments. These differences may well have influenced the 
stomatal conductance of the plants, thereby leading to changes in 
photosynthetic response curves. Relative humidity should therefore be 
controlled if at all possible. 
Additionally, it should be noted that these hypobaric studies took 
place at extremely low total pressures of 0.2 atm, or one-fifth the 
atmospheric pressure under which plants normally grow. This extremely low 
pressure represents a reduction far beyond what plants experience even in 
the most extreme conditions on Earth at the highest altitudes. While plants 
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did not demonstrate any readily observable changes (e.g., loss of turgor, cell 
lysis), any number of unexplained responses may have occured at such low 
pressures. The literature has little to say currently on this issue, as most 
hypobaric studies have been conducted with far smaller reductions in total 
pressure. For example, current studies at the Johnson Space Center in 
Houston are focusing on hypobaric pressures of 0.7 atm (Corey, 1997). 
Clearly, there are a number of questions remaining, and many 
possibilities for the results observed. As a result, additional research needs 
to be conducted to better understand the interplay of total and partial 
pressures of different atmospheric mixtures on plant growth for an ALSS. 
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